days (1) . Chronic exposure to lead results in long-term storage of lead in bone; in adults, 95% of the body burden of lead is in bone (2, 3) . Autopsy studies suggest that the concentration of lead in bone increases with age and that bone lead represents a lifetime integrated measure of lead exposure (1) . Bone lead may serve as a reservoir for lifetime lead exposure.
Over time, lead has been demonstrated to have effects in humans at progressively lower levels. Long-term developmental deficits in children have been demonstrated in longitudinal studies at blood lead levels less than 10-15 pg lead/dl blood (4, 5) , and meta-analysis failed to identify a threshold below which no effects are found (6, 7) . Similarly low levels of blood lead have been associated with elevations in blood pressure in adults in both longitudinal and cross-sectional investigations (8) (9) (10) .
Until recently, measurements of lead burden in bone could only be taken at autopsy or using a needle biopsy. With the advent of K-X-ray fluorescence (K-XRF) technology, bone lead levels can be measured in a noninvasive manner (11, 12) . K-XRF analysis has been used to measure bone lead in a variety of occupationally and nonoccupationally exposed individuals (12) (13) (14) (15) . However, a recent National Academy of Sciences report (16) expressed concern about the usefulness of K-XRF technology in measuring bone lead levels in nonoccupationally exposed adults due to the potential for poor sensitivity at low lead concentrations. Bellinger et al. (17) cited a need for further improvements in the precision of K-XRF to establish bone lead as a useful biological marker of childhood lead absorption.
During the past 2 years, K-XRF technology has been improved to increase the sensitivity of the measurement. Aro et al. (18) demonstrated the consistency of K-XRF results with atomic absorption measurements for lead in standards of known lead concentration. Gordon et al. (19) recently demonstrated the reproducibility of bone lead measurements in vitro and in a small sample of human subjects. The current study focuses on issues concerning the K-XRF in vivo limit of detection and feasibility of measuring bone lead concentrations in young adults.
Methods
Volunteers were recruited from Bostonarea universities. All subjects were between the ages of 18 and 21 years and had no known occupational lead exposure. All subjects were informed of the nature of the procedure before bone lead measurement.
We measured bone lead concentration in the left tibia of each subject using the K-XRF bone lead scanning apparatus developed by our research group. This apparatus has recently been redesigned to improve the sensitivity of bone lead measurement, thereby allowing for bone lead measurement in environmentally exposed individuals. The bone lead scanner operates on the principle of K-X-ray fluorescence. The technical specifications and the validation data are described in detail elsewhere (18) . Briefly, the instrument uses a 109Cd y-ray source of activity 1.11 GBq and a high-purity germanium detector in a back-scatter geometry (18) . The source-toskin distance is approximately 2 cm. Gamma and X-ray signals are shaped and digitized and then acquired by a multichannel analyzer board in a personal computer. At the completion of the measurement time, the data are automatically stored for analysis. A schematic of this system is shown in Figure 1 . In the 109Cd K-XRF technique, lead X-rays are normalized to the elastic scatter peak; the elastic scatter peak is primarily due to elements of bone mineral rather than to those of human soft tissue (20) . Normalization renders the accuracy of measurement relatively insensitive to variations in bone shape, size, and density; overlying skin thickness; and to minor subject movement (20) . The The effective radiation dose to the subject during an in vivo K-XRF measurement is very low and can be compared to natural background radiation (21) . Todd et al. (21) describes in detail the radiation dosimetry studies involving similar K-XRF instruments. We calculated the effective doses using the new International Commission on Radiological Protection (22) recommendations. According to these results, the effective dose from a single K-XRF measurement of tibia is 0.2% and 0.1% of the average effective dose from a dental and chest X-ray, respectively. Similar dosimetry investigations of our apparatus have demonstrated even lower exposures, since the source strength is approximately half the strength of Todd's apparatus (2.2 versus 1.08 GBq). For our bone lead scanner, the estimated effective dose for a 60-min measurement of a 15-year-old subject is less than 190 nSv (21) .
For this pilot study, subjects came to our K-XRF testing laboratory located in the Brigham and Women's Hospital in Boston, Massachusetts. Once at the facility, the procedure was reviewed. All subjects were asked about the presence of metal pins in either lower leg. If metal was not present in the lower leg, subjects were seated in a plastic resin chair, and the lower leg was restrained with Velcro straps to minimize movement during measurement. The measurement location of the mid-shaft of the left tibia was verified throughout the procedure by the technician.
To remove extraneous sources of lead from contaminating the measurement, the measurement location was washed with a 50% solution of isopropyl alcohol before sample collection. The test room was cleaned each day with a HEPA-filtered vacuum cleaner. After shielding the measurement area with lead-free steel walls, the area was monitored to determine that there was no background lead contamination that could affect sample results.
Bone lead measurements were taken from the mid-shaft of the left tibia for periods of 30 or 60 min. Here and throughout this paper, times refer to real or clock time, rather than instrumental live time. The collimator was positioned perpendicular to and in the middle of the anterior tibial surface. All measurements were collected at the same bone location over a 2-hr period. Subjects were allowed to move between measurements. During the sample collection time, subjects completed exposure history questionnaires, read magazines, and listened to music. Technicians were present at all times during the measurement to answer questions.
Each subject was measured for a total of 2 hr. In 14 subjects, 4 30-min measurements were taken; in 7 subjects, 2 60-min measurements were taken; and in 2 subjects 1 60-min and 2 30-min measurements were taken. For analytical purposes, we combined 2 consecutive 30-min measurements so that each subject had the equivalent of 2 60-min measurements.
Two bone lead concentrations were calculated for each subject using the stored lead spectra; these represent two 60-min repeat measurements. For individuals initially assessed by 30-min measurements, spectra from two consecutive 30-min measurements were combined and then analyzed as one complete 60-min measurement. The lead K-X-ray peaks were extracted from the spectrum using the nonlinear least-square fitting technique (23) with special fitting functions developed by the Birmingham University Group (20) . The fitting software generates the K-X-ray to elastic ratio for each of the K-series X-rays. Since some of the K-series X-rays have greater variability than others, the final lead concentration was calculated from the means of the a1, a2, PI, and 3 peaks weighted by the inverse of their respective variances. Figure 2 illustrates the location of the al, a2, PI and 3 peaks in a 114 pg Pb/g bone mineral lead standard. The contributions of the different K-X-rays to overall precision are discussed elsewhere (20) .
The fitting algorithm requires subtracting a fitted background curve from the actual data collected. Due from the observed data was assumed for all respectively. A one-sample t-test was used Iy, the role of age on bone lead pairs of measurements. to test the hypothesis that the mean of the concentration was explored using regresResults sion analysis. All statistical analyses were carried out using the statistical packages Twenty-three subje STATA 3.1 (24) and SAS 6.09 (25) .
were recruited for t The statistical analyses were conducted age of population wa using two 60-min measurements per indiof racial groups we vidual. Correlation analysis and repeatedstudy subjects. Tat measures models used the two samples per characteristics. subject. For most of the analyses, the mean From Poisson cc of these two measurements was used; these bling the sampling t analyses included t-tests and linear regresdecrease in the mea sion. This average value was used, rather by a factor of 12 ( -I observed bone lead distribution does not differ from zero. This test indicated that this hypothesis could be rejected (p<0.0001), suggesting that bone lead is measurable in young adults using this technique. Table 2 presents the bone lead distribution by age, sex, and race. We used a variety of statistical methods to evaluate the reproducibility of these bone lead measurements. Using a paired ttest, no difference between the means of the two measurements was observed. The observed Pearson correlation between the two 60-min measurements was not significantly different from zero (p = 0.3324); nonparametric measures of correlation showed similar results. These results suggest that bone lead measurements for a population with very low lead exposure are reproducible; however, it may be due to the small size of the sample. Reproducibility results for individuals are not as convincing. Analysis of variance techniques were used to determine whether individuals could be distinguished on the basis of their bone lead results. Due to the large within-person variance (approximately twice the between-person variance), subjects cannot be differentiated on the basis of two bone lead measurements. This may be due to the limited range of lead concentration in this population. Implications of this finding on sample size and power will be discussed further.
An interesting unanticipated finding was the demonstration of an effect of age on bone lead concentration. Even given the small age range, a statistically significant increase of 1.5 pg Pb/g bone mineral Pb per year (p = 0.0065) was estimated using linear regression analysis based on the average of the two 60-min measurements; the intercept for this model is -25.8 pg Pb/g bone mineral Pb. Age may be considered to represent duration of environmental exposure and not aging per se. The )2 for this model was 0.3033, indicating that age explained 30% of the variance in bone lead concentration in a population generally thought to be identical with respect to age. The unweighted regression model gave qualitatively similar results, with an 1? of 0.2981. Figure 4 presents the weighted regression model for bone lead and age. Regression diagnostics were performed to evaluate the model; no outliers were identified.
To take advantage of the presence of the duplicate measures of bone lead and to account for the correlation between the measures, two types of repeated-measure models were employed. Due 
Discussion
The results of this study indicate the feasibility of using K-XRF technology to investigate bone lead in young adults. In particular, we have demonstrated the ability of this technique to detect lead in bones of young, nonoccupationally exposed subjects. Further, we have shown that trends in bone lead concentration with age can be discerned. The average bone lead concentrations measured here, ranging from -1.5 to 8.2 pg Pb/g bone mineral, are consistent with those seen in young adults by other investigators. For example, in a follow-up study of 18-22 year olds of the original Needleman (27, 28) cohort, Bellinger et al. (17) found tibial lead concentrations ranging from -9 to 19 pg Pb/g bone mineral, with a sample mean and standard deviation of 1.6 and 4.9 pg Pb/g bone mineral, respectively. These were collected over a 30-min time period using a less sensitive K-XRF apparatus. In a community-based study of 101 individuals aged 11-70 years using a half-hour measurement time, Kosnett et al. (29) reported a mean tibial bone lead concentration of 12.7 pg Pb/g bone mineral with a range of -12 to 69 pg Pb/g bone mineral for the entire population; for the 14 individuals less than 20 years of age, the mean bone lead concentration was not different from zero.
These results are also consistent with results from cadaver studies. Cadaver studies supply highly accurate data because samples can be analyzed multiple times by atomic absorption spectroscopy (AAS). Post-mortem studies are useful for comparison purposes but are not feasible for the longitudinal measurement of bone lead concentrations in humans. In a postmortem study by Wittmers et al. (30) of 13 subjects aged 13-20 years, the average bone lead concentration was 2.3 pg Pb/g bone ash, with a standard deviation of 3.6. In a study of five children 11-16 years old in England, Barry (31) reported an average tibial bone lead concentration of 2.68 pg Pb/g bone mineral (wet weight), with a standard deviation of 1.06; the ashed weight equivalent for this value is 4.8 pg Pb/g bone mineral. These results are consistent with our mean bone lead concentration of 3.0 pg Pb/g bone mineral.
As expected, the concentrations of tibial bone lead in this young adult population were much lower than both occupationally exposed and nonexposed adult populations. In a study conducted in Finland, Erkkila et al. (32) reported average bone lead concentrations of 21.1 pg Pb/g bone mineral, 32.4 pg Pb/g bone mineral, 7.7 pg Pb/g bone mineral, and 3.5 pg Pb/g bone mineral for current lead workers with an average exposure duration of 12 years, former lead workers with an average exposure duration of 15 years, office workers in the lead factory, and unexposed control workers, respectively. Somervaille et al. (33) reported tibial bone lead concentrations ranging from an average of 16.7 pg Pb/g bone mineral for nonexposed workers to 54.8 pg Pb/g bone mineral for lead factory workers.
With the improvement in measurement sensitivity, we were able to detect an age-related increase in bone lead that has not been seen by other investigators studying this age group (17, 29) . Cross-sectional studies in adults using less sensitive equipment (29, 34) In studies of occupationally and nonoccupationally exposed adults, other investigators have found an average increase in bone lead concentration ranging from 0.38 to 0.41 pg lead per year (29, (34) (35) (36) ; the ages in these studies have ranged from 20 to 70 years. In both this study's data and the Needleman cohort data, an average increase of approximately 1.5 pg lead per year was seen over a 3-year age range. The 95% confidence interval for the predicted slope in our study (0.46, 2.5) excludes the values seen for older adults. It should be noted that all these studies are cross-sectional, and the observed change with age may have a variety of explanations; longitudinal studies are necessary to distinguish the effects of secular trends in environmental lead exposure from bone lead kinetics in producing the observed change.
If the model correctly predicts the trend of bone lead with age, then bone lead concentrations should be measurable in those subjects aged 18 years and older, and, conversely, measuring bone lead in subjects less than 18 years old may be difficult. However, due to the small sample size and the model uncertainty, extrapolating past the range of the observed data should be done cautiously.
Since this is a pilot study focusing on the ability to measure bone lead concentration, little effort was made to collect complete information on potential confounders which may alter the observed association between age and bone lead. Data were collected on housing characteristics, history of lead poisoning, cigarette smoking, and occupation and hobbies which may contribute to lead exposure; the population was relatively homogeneous with respect to these exposures. No information was collected on body size, dietary and drinking habits, or pregnancy history. The distributions of other potential confounding factors, race and sex, were examined to see how these varied relative to age and bone lead. Chi-square tests did not indicate that these factors were associated with age or bone lead. Additionally, these variables were not significant predictors of bone lead when included in the regression model. If these or other factors were responsible for increasing sample variability, then it is unlikely that we would be able to show a statistically significant effect of age, given the small sample size. Other investigators (29, (34) (35) (36) have demonstrated that age is the most important predictor of bone lead concentration; this study suggests that all models predicting bone lead should include age in the model regardless of the age range in the sample. Sex is not anticipated to be a confounder in this age range; Kosnett et al. (29) found an effect of sex only in subjects greater than 55 years of age. Larger studies over a small age range are needed to investigate other factors associated with lead storage in bone.
Even with current technological improvements, there still is substantial measurement uncertainty due to the small amount of lead, incomplete bone mineralization, and technological limitations. However, power calculations based on a two-sample t-test indicate that, even in the presence of measurement error, a difference of 2-3 pg Pb/g bone mineral lead can be detected with 80% power with sample sizes as small as 50 people per group. Due to the relatively large variability within a subject at low lead concentrations, K-XRF currently would not be a good diagnostic tool among individuals exposed to lower levels of lead. For populations, however, repeated measurements over time can be used to investigate lead kinetics in bone.
One key observation from this pilot study is the imperative to keep and maintain a lead-free environment in the measurement facility. Prior to study startup, we experienced difficulties due to lead paint on walls, lead in cinder block behind walls, and lead in aluminum wrappers for alcohol swabs. Since the concentrations of interest are at the low part-per-million level, these and other potential lead sources may bias results if they are not addressed before sample collection.
K-XRF is a useful tool for environmental epidemiological investigations of bone lead concentration in young adults. By reconfiguring the apparatus, increasing the measurement time, and maintaining a lead-free measurement environment, we were able to detect measurable levels of lead in the bones of young adults. Because bone lead concentrations can be assessed in such a young population, longitudinal studies can be used to investigate factors associated with age as predictors for bone lead concentration. By evaluating environmental factors and the concomitant increase or decrease in bone lead concentrations, models can be developed for uptake of lead to bones from blood and, ultimately, from the environment.
